This review serves to update previously published evaluations of equilibrium constants and enthalpy changes for enzyme-catalyzed reactions. For each reaction the following information is given: the reference for the data; the reaction studied; the name of the enzyme used and its Enzyme Commission number; the method of measurement; the conditions of measurement ͓temperature, pH, ionic strength, and the buffer͑s͒ and cofactor͑s͒ used͔; the data and an evaluation of it; and, sometimes, commentary on the data and on any corrections which have been applied to it or any calculations for which the data have been used. The data from 96 references have been examined and evaluated. Chemical Abstract Service registry numbers are given for the substances involved in these various reactions. There is also a cross reference between the substances and the Enzyme Commission numbers of the enzymes used to catalyze the reactions in which the substances participate.
Introduction
This paper serves to update a series of reviews [1] [2] [3] [4] [5] on the thermodynamics of enzyme-catalyzed reactions. These reviews, which were published during the years 1993-1995, deal isomerases, 5 and ligases. 5 The current review updates these earlier publications by providing coverage of the literature through the end of 1998. Thus, while it primarily consists of papers published since the completion of the earlier reviews, 1-5 additional papers which contain data missed previously are also included. Accordingly, it is important that anyone examining a given reaction for which data are given in this review, also consult the earlier reviews [1] [2] [3] [4] [5] in order to determine if more reliable results have been previously summarized.
Enzyme-catalyzed reactions play significant roles in many biological processes such as glycolysis, the anabolism and catabolism of carbohydrates, fermentation, and vision. Many of these reactions are also of current or potential importance for the production of pharmaceuticals and bulk commodity chemicals such as ethanol, fructose, and amino acids. The data presented herein are limited to equilibrium and calorimetric measurements performed on these reactions under in vitro conditions. Thus, the thermodynamic quantities which are generally given are apparent equilibrium constants KЈ and calorimetrically determined enthalpies of reaction ⌬ r H(cal). Apparent equilibrium constants calculated from kinetic data are also tabulated. If the change in binding of hydrogen ion ⌬ r N(H ϩ ) in a biochemical reaction and the enthalpy of protonation of the buffer are known, the standard transformed enthalpy of reaction ⌬ r HЈ°can be calculated from the calorimetrically determined enthalpy of reaction. 7 Equilibrium constants K and standard molar enthalpies of reaction ⌬ r H°for chemical reference reactions are also given if they have been reported in the literature. The standard transformed enthalpy of reaction ⌬ r HЈ°can be used to calculate the temperature dependence of apparent equilibrium constants KЈ in the same way that the standard enthalpy of reaction ⌬ r H°is used to calculate the temperature dependence of the equilibrium constant K.
These data also serve as a basis for many additional thermodynamic calculations. Thus, Alberty 8, 9 has used data given in the previous reviews [1] [2] [3] [4] [5] to calculate tables of standard transformed formation properties that are useful for the calculation of apparent equilibrium constants KЈ and standard transformed enthalpies of reaction ⌬ r HЈ°under specified conditions of temperature, pH, pMg, and ionic strength. If the prerequisite thermodynamic quantities on the binding of H ϩ ͑aq͒ and metal ions are available, it is also possible to calculate standard thermodynamic quantities ͑K and ⌬ r H°͒ for reference reactions that involve specific species. Such calculations serve to transform the results of measurements made under varied conditions and that pertain to a mixture of species to results for reference reactions that pertain to the same standard state. Thus, once a sufficiently large reaction catalog has been established, thermodynamic network calculations 10 can be performed both to check the consistency of the data and to calculate ''best'' values of standard formation properties. Finally, and most importantly, these standard formation properties can then be used to calculate values of K and ⌬ r H°for a very large number of reactions that have not been the subject of investigation.
The data are presented in the same format as in the previous reviews. [1] [2] [3] [4] [5] Thus, the following information is given for each entry in this review: the reference for the data; the biochemical reaction studied; the name of the enzyme used and its Enzyme Commission number; the method of measurement; the conditions of measurement ͓temperature, pH, ionic strength, and the buffer͑s͒ and cofactor͑s͒ used͔; the data and an evaluation of it; and, sometimes, commentary on the data and on any corrections which have been applied to it or any calculations for which the data have been used. The absence of a piece of information indicates that it was not found in the paper cited. The arrangement of the data, its evaluation, and the thermodynamic conventions have been discussed previously. 1 In this regard, one should express equilibrium constants as dimensionless quantities. However, the numerical value obtained for the equilibrium constant of an unsymmetrical reaction will depend upon the measure of composition and standard concentration selected for the reactants and products. Thus, for the chemical reaction , and m°ϭ1 mol kg Ϫ1 . The equilibrium constant expressed in terms of mole fractions is automatically dimensionless. Similar definitions and considerations apply to the apparent equilibrium constant KЈ. The symbols used in this paper are given in the Glossary ͑see Sec. 7͒.
The subjective evaluation of the data in this review consisted of the assignment of a rating: A ͑high quality͒, B͑good͒, C ͑average͒, or D ͑low quality͒. In making these assignments, we considered the various experimental details which were provided in the study. These details include the method of measurement, the number of data points determined, and the extent to which the effects of varying temperature, pH, and ionic strength were investigated. A lower rating was generally given when few details of the investigation were reported. For example, in many of the papers cited, the major aim of the study was the isolation and purification of the enzyme of interest. Thus, the equilibrium data were obtained as only a small part of an investigation to characterize many of the properties of that enzyme and the reaction it catalyzes.
This effort began Ϸ10 years ago with an extensive search of the literature to locate the papers containing the relevant data. This search was based on a carefully designed computer search of Chemical Abstracts, a manual search of Methods in Enzymology, and the examination of references found in earlier reviews that dealt with the thermodynamics of enzyme-catalyzed reactions.
11-21 The references obtained from these sources were in turn examined for additional references relevant to this effort. The current update, which covers the literature through the end of 1998, relied primarily on a search of Chemical Abstracts. The author would be most grateful if references that contain data on the thermodynamics of enzyme-catalyzed reactions that were not included in these reviews were brought to his attention. The apparent equilibrium constant given here was calculated from the data given in Uchida et al. 's Fig. 7 . 
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: N-acetyl-L-phenylalanine ethyl ester͑aq͒ϩH 2 O͑l͒ ϭN-acetyl-L-phenylalanine Ϫ ͑aq͒ϩethanol͑aq͒ϩH ϩ ͑aq͒. N-acetyl-L-phenylalanine ethyl ester͑sln͒ϩH 2 O͑sln͒ ϭN-acetyl-L-phenylalanine͑sln͒ϩethanol͑sln͒ T/K Solvent Kaction: N-acetyl-L-tryptophan ethyl ester͑aq͒ϩH 2 O͑l͒ϭN- acetyl-L-tryptophan͑aq͒ϩethanol͑aq͒. N-acetyl-L-tyrosine ethyl ester͑aq͒ϩH 2 O͑l͒ϭN-acetyl-L- tyrosine͑aq͒ϩethanol͑aq͒ ⌬ r H(cal) T/K pH kJN-͑benzyloxycarbonyl͒-L-aspartyl-L-phenylalanine methyl ester͑aq͒ϩH 2 O͑l͒ϭN-͑benzyloxycarbonyl͒-L-aspartic acid͑aq͒ϩL-phenylalanine methyl ester͑aq͒ T/K pH K c ЈN-acetylneuraminate͑aq͒ ϭ N-acetyl-D-mannosamine͑aq͒ ϩpyruvate͑aq͒ T/K pH K c Ј
